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ARTICLE INFO ABSTRACT

Keywords: Xylanases (EC 3.2.1.8) are essential enzymes due to their applications in various industries such as textile,
GH10 animal feed, paper and pulp, and biofuel industries. Halo-thermophilic Rhodothermaceae bacterium RA was
Glycosyl hydrolase previously isolated from a hot spring in Malaysia. Genomic analysis revealed that this bacterium is likely to be a
Rhodothermaceae new genus of the family Rhodothermaceae. In this study, a xylanase gene (1140 bp) that encoded 379 amino acids
Xylanase from the bacterium was cloned and expressed in Escherichia coli BL21(DE3). Based on InterProScan, this enzyme
XynRAl contained a GH10 domain and a signal peptide sequence. XynRA1l shared low similarity with the
currently known xylanases (the closest is 57.2-65.4% to Gemmatimonadetes spp.). The purified XynRA1 achieved
maximum activity at pH 8 and 60 °C. The protein molecular weight was 43.1 kDa XynRA1 exhibited an activity
half-life (t;,,) of 1h at 60 °C and remained stable at 50 °C throughout the experiment. However, it was NaCl
intolerant, and various types of salt reduced the activity. This enzyme effectively hydrolyzed xylan (beechwood,
oat spelt, and Palmaria palmata) and xylodextrin (xylotriose, xylotetraose, xylopentaose, and xylohexaose) to
produce predominantly xylobiose. This xylanase is the first functionally characterized enzyme from the bac-

terium, and this work broadens the knowledge of GH10 xylanases.

1. Introduction

Xylan, a typical hemicellulose composition, constitutes about one-
third of the total dry weight in plants [1]. Complete degradation of
xylan is achieved by the synergy actions of different enzymes, including
xylanase (EC 3.2.1.8), beta-xylosidase (EC 3.2.1.37), alpha-i-arabino-
furanosidase (EC 3.2.1.55), acetyl xylan esterase (EC 3.1.1.72), ferulic/
coumaric acid esterase (EC 3.1.1.73), alpha-glucuronidase (EC
3.2.1.139), and other enzymes. Among the list mentioned above, xy-
lanase (synonym: endo-1,4-f-xylanase) is one of the crucial biocatalysts
to hydrolyze the B-1,4-glycosidic bonds of the xylan backbone to pro-
duce simpler oligosaccharides. A previous report suggested that xyla-
nase could be useful in enhancing the efficiency of biofuel production
[2]. Other reviews about xylanase are also available in earlier pub-
lications [5-71].

As published online in the CAZy database, the GH families that
correlate with xylanases include GH3, 5, 8, 9, 10, 11, 12, 16, 26, 30, 43,
44, 51, 62, 98, and 141. In among these families, GH10 (formerly
known as family F) and GH11 (family G) xylanases are the well-studied
groups. The GH10 xylanases have a broader range of substrate
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hydrolyzing ability, where some of the members can hydrolyze com-
pounds such as P-glucan, p-nitrophenol-B-cellobiose, and carbox-
ymethyl cellulose [3]. GH10 xylanases consist of a typical (f/a)g TIM-
barrel fold and are characterized by a relatively low pI and have higher
molecular mass [4]. Xylanases associated to GH11 have higher speci-
ficity toward xylan than that of GH10 [5]. They adopt B-jelly rolls
structure, exhibit higher pl, and lower molecular mass [6].

Rhodothermaceae bacterium RA is a halo-thermophile that was iso-
lated from a hot spring [7]. The complete genome of this bacterium had
been reported and the result suggested that this bacterium could be a
new genus under Rhodothermaceae [8]. Although a total of 57 different
GH sequences (including two GH10 xylanases) were found in its
genome, none of these enzymes have been described biochemically. In
this report, we investigated the enzyme properties of a xylanase from
this bacterium.
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2. Materials and methods
2.1. Media and chemicals

Marine Broth (MB) and Luria-Bertani (LB) media were purchased
from Laboratorios Conda (Madrid, Spain). Kanamycin and isopropyl p-
p-1-thiogalactopyranoside (IPTG) were purchased from Merck Millipore
(Burlington, USA). DNeasy® Blood & Tissue Kit, QIAprep® Spin
Miniprep Kit, QIAquick PCR & Gel Cleanup Kit, and Ni-NTA superflow
column were purchased from Qiagen (Venlo, Netherlands). KAPA HiFi
HotStart ReadyMix DNA polymerase, restriction enzymes (EcoRI and
Notl), and Novagen® pET28a-(+) expression vector were purchased
from Kapa Biosystems (Wilmington, USA), New England Biolabs
(Ipswich, USA), and Novagen (Madison, USA), respectively. The for-
ward and reverse primers were synthesized by Integrated DNA
Technologies (Coralville, USA). B-PER Direct Bacterial Protein
Extraction Kit, Pierce™ BCA Protein Assay Kit, Imperial™ Protein Stain,
and Benchmark™ Protein Ladder were purchased from Thermo
Scientific (Waltham, USA). Beechwood xylan for the enzymatic assay
was purchased from Megazyme (Bray, Ireland).

2.2. Microorganism and culture conditions

Rhodothermaceae bacterium RA (KCTC 62031) was used as the
source for isolating xylanase gene [7,8], and it was grown in MB
medium at 50°C, pH 7 with agitation (200rpm) for 48h. E. coli
BL21(DE3) was used as the bacterial host for the recombinant protein,
and it was grown in LB medium at 37 °C, pH 7 with agitation (200 rpm)
for 16 h.

2.3. Gene isolation and vector construction

The genome of Rhodothermaceae bacterium RA was extracted using
a DNeasy® Blood & Tissue Kit. Gene amplification was carried out using
KAPA HiFi HotStart ReadyMix DNA polymerase, with specific primers (
5’-ATCCGAATTCGCCCCCGGCGAGGAGCCGGT-3’ and 5- AGTGCGGC
CGCCTCGCGCGCGGTGGCCACGAC-3, the underlined sequences in the
primers corresponding to restriction sites EcoRI and Notl, respectively).
The polymerase chain reaction was conducted in a thermocycler, and
the settings were initial denaturation at 95 °C for 5 min, then 30 cycles
of (denaturation at 95°C for 1 min, annealing at 55°C for 30s, and
extension at 72 °C for 1 min), and final extension at 72 °C for 10 min.
The amplified XynRA1 gene product was cloned into the Novagen®
DPET28a-(+) expression vector, while the recombinant vector (pET28a-
XynRA1) was transformed into E. coli BL21(DE3) strain for effective
protein expression.

2.4. Expression of the xylanase gene

The cell harboring the constructed vector pET28a-XynRAI1 was
grown in LB medium added with kanamycin (50 pg/mL) at 37 °C, pH 7
with 200 rpm agitation. When the culture reached the exponential
phase (ODgponm = 0.5-0.6), xylanase expression was induced by adding
IPTG at a final concentration of 0.4 mM and incubated for another 3 h.
After that, the bacteria cells were harvested by centrifugation at 4 °C,
5000 g for 10 min and lysed by a B-PER Direct Bacterial Protein
Extraction Kit to release the total protein.

2.5. Purification of the recombinant xylanase

Immobilized metal affinity chromatography (IMAC) technique was
used to separate the xylanase XynRA1l from other proteins. The pur-
ification was carried out by injecting 1 mL of crude lysate into a Ni-NTA
Superflow column connected to an AKTA Start chromatography system
(GE Healthcare, Chicago, USA). The column resin was equilibrated with
sodium phosphate buffer (20 mM, pH 7.4) containing 500 mM NacCl.

Protein Expression and Purification 164 (2019) 105464

The bound protein was eluted with the same buffer containing a linear
gradient of imidazole (60-350 mM). The purified xylanase was dialyzed
in sodium phosphate buffer (100 mM, pH 7.4) at 4 °C overnight.

2.6. Determination of enzyme activity and protein concentration

The xylanase activity was determined using 3,5-dinitrosalicylic acid
(DNS) assay. Beechwood xylan was used as the substrate unless speci-
fied. The enzyme reaction was conducted by mixing 0.05 mL of purified
XynRA1 and 0.5 mL of 1% (w/v) beechwood xylan in sodium phosphate
buffer (100 mM, pH 8.0). After incubation at 60 °C for 15 min, the en-
zyme reaction was immediately stopped by adding 0.5 mL DNS solu-
tion. The mixture was then subjected to boiling for 5 min and quenched
on ice for another 2min. The absorbance changes were detected at
ODs40nm in a spectrophotometer. One unit (U) of xylanase activity is
defined as the amount of enzyme required to release 1 pmol of reducing
sugars per min per mL under the assay condition.

The protein concentration of purified XynRA1 was quantified using
Pierce™ BCA Protein Assay Kit. Both enzymatic and protein con-
centration assays were performed in at least triplicates.

2.7. Bioinformatics analyses of XynRA1

The protein sequence of XynRA1 was subjected to various analyses
such as InterProScan, ProtParam, Signal-Blast, TMHMM Server v. 2.0,
and ScanProsite [9-13]. The sequences of GH10 xylanases from dif-
ferent microorganisms were retrieved using the Carbohydrate-Active
Enzyme (CAZy) database. The relationship of XynRA1 with other GH10
xylanases was analyzed by a maximum-parsimony phylogenetic tree.
The positions of the motifs in XynRA1 were determined by referring to
the SPRINT database. A Weblogo online generator was used to differ-
entiate the motif sequences among the GH10 xylanases [14].

2.8. Characterization of XynRA1

2.8.1. Gel electrophoresis and zymogram

Both crude and purified enzymes of XynRA1 were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The denaturing gel used was 5% (w/v) stacking gel and 12% (w/v)
resolving gel. Upon loading the protein samples into the gel, electro-
phoresis was conducted at 150V for 55 min. Imperial™ Protein Stain
was used to stain the protein bands, and the molecular weight of the
bands was compared with Benchmark™ Protein Ladder.

Zymography of the purified XynRA1 was carried out by SDS-PAGE
as described above. Upon electrophoresis, the gel was washed with 10%
(v/v) Triton-X 100 for 30 min to remove the remaining SDS. The gel was
then incubated in 1% (w/v) beechwood xylan solution for 1h to allow
the diffusion of the substrates into the gel. To maximize the enzymatic
reaction, the gel was immersed in 100 mM sodium phosphate buffer
(pH 8) and incubated at 60 °C for 24 h. The gel was then stained using
0.1% (w/v) congo red for 30 min, followed by destaining using 1M
Nacl solution.

2.8.2. Effects of temperature and pH

Enzyme reactions were conducted at different temperatures
(20-90°C) and pH (pH 2-11) for 15min to determine the optimum
temperature and pH of XynRA1. The buffers used in this test included
glycine-HCI (pH 2-3), sodium acetate (pH 4-5), sodium phosphate (pH
6-7.5), Tris-HCl (pH 8-9), and carbonate-bicarbonate (pH 9.5-11)
buffers. Thermostability of XynRA1 was conducted by incubating the
enzyme at various temperatures (50 °C, 60 °C, and 70 °C), without any
substrate added. At a specific time interval, samples were collected
from the preincubated enzyme and subjected to enzymatic reactions. A
plot of residual activity versus time was used to elaborate the ther-
mostability of the enzyme. The test was conducted in at least triplicate.
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XynRA1 (This study)
Acidothermus cellulolyticus
Acremonium cellulolyticus
Arthrobacter sp. GN16
Bacillus sp. SN5
Caldicellulosiruptor bescii
Fusarium commune
Geobacillus sp. WBI
Massilia sp. RBM26
Melioribacter roseus
Penicillium simplicissimum

Paenibacillus sp. DG-22

Thermoanaerobacterium
saccharolyticumn NTOU1
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Fig. 1. The structural differences between XynRA1 with other characterized GH10 xylanases. XynRA1 adopt a simpler architecture in its domain arrangement.
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Fig. 2. The consensus motifs and Glycosyl Hydrol F10 of XynRA1 with other
220 GH10 xylanases. The sequence of XynRA1 was shown below the Weblogo.
The SPRINT accession number for motifs 1-4 and Glycosyl Hydrol F10 are
PR00134 and PS00591, respectively. All the motif sequences of XynRAl are
highly similar as compared to the motifs from other GH10 xylanases.

2.8.3. Effects of metal ions and chemical reagents

The purified XynRA1 was subjected to standard enzymatic reactions
carried out at 60 °C and pH 8 with supplementation of different types of
salt at 5mM concentration (eg. CaCl,, NaCl, KCl, MgCl,, FeCls, NiCl,,
CoCl,, NH4Cl, ZnSO,4, MnSO,4, CuSO,4, RbCl, SrCl,, and BaCl,) or different
chemical reagents at 5% (v/v) (eg. urea, SDS, EDTA, Tween-20, Tween-40,
Tween-60, Tween-80, Triton X-100, and DMSO). The relative activity of
each reaction was calculated against the non-salt/chemical supplemented
reference. The test was conducted in at least triplicate.

2.8.4. Salt tolerance

The purified XynRA1 was subjected to a salinity test by conducting
the enzymatic reactions in the presence of NaCl at various concentra-
tions (0-3.0 M). Enzyme activity at 0 M NaCl was used as the reference
for relative activity calculation. The test was conducted in at least tri-
plicate.

2.8.5. Kinetic parameter

The purified XynRA1 was subjected to enzyme kinetic analysis by
conducting the enzyme assay at optimum temperature and pH, with
different concentration of beechwood xylan provided, ranging from 0.2
to 6.0 mg/mL. Each of the data points was collected in at least tripli-
cates. Ky, Vinax, and ke, values of the enzyme were determined using
the GraphPad Prism 7 software.

2.8.6. HPLC analysis

The post-reaction products from the enzyme assays were analyzed
by an Agilent 1260 Infinity high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Santa Clara, USA). An Agilent
385-Evaporative Light Scattering Detector was used to detect the pre-
sence of simple sugars. A Rezex RSO-Oligosaccharide Ag* column
(Phenomenex Inc, Torrance, USA) was used to separate the sugar
mixture. The mobile phase used was ultrapure water. The HPLC setting
used were 0.2mL/min flow rate and 80 °C column temperature. The
ELSD setting used were 30 °C evaporator temperature, 30 °C nebulizer
temperature and 1.6 SLM evaporator gas flow. All the analyses were
triplicated.

3. Results and discussions
3.1. Bioinformatics analyses of xynRA1

This team previously reported the genome analysis of
Rhodothermaceae bacterium RA [8]. Genome mining revealed that this
bacterium consists of 17 genes that are important for both cellulolytic
and hemicellulolytic activities. Among these genes, xynRA1, a gene
with the size of 1140 bp that encodes xylanase with 379 amino acids,
was selected for further study. This gene was deposited in Genbank with
the locus-tag of AWN76_008205, and its translated protein was de-
posited as ARA95075.1.

None of the well-studied xylanases share close sequence similarity
to that of XynRA1. At the time of writing, the closest protein sequence
to XynRAl are xylanases from Gemmatimonadetes spp. (57.2-65.4% in
similarity), Candidatus solibacter usitatus (61.8%), Rubrivirga marina
(60.7%), Acidobacteria (58.9-61.0%), Ignavibacteria bacterium
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Rhodothe 1 -- --MRLTWTCLLTLVLVTAA-- -C--EAPG-
Gibberel R MKFSS-LLFTASLV-AA-———————— M--PAS—-———————— L=
Penicill 0 e e e e e e e e e e e e e e e e e e e e 0
Fusarium 0 e e e e e e e e e e e e 0
Streptom 4 H--HPTRGRR---TAGLLAAAL-ATLSAGLT----———==———— A--VAP-———————— A- 33
Cellvibr 171 QLKEDWSKGEWDCLAASSELTADTDLTLTCTIDED--DDKFNQTARDVQVGIQAKGTPAG 228
Thermoan 295 F--ANVNKGEWTEIKGSFTLPVADYSGISIYVESQNPTLEFYID--DFSV-——————- IG 342
Paenibac 304 Q--TTTSGTDWIELRGTFSFTND-METLKLYVETTNASDDFYVD--DVKL-—==—==— S- 349
Rhodothe 24 —————————— EPVPAEEAVPALKEVFADAFLVGAALNPDQF----YGRDTLGVALITKH 68
Gibberel 2], sm=mmmmmamee EPRQAQESINKLIKAKG-KLYYGTITDPN-L----LQ-SQQONNAVIKAD 62
Penicill 1l e QASVSIDAKFKAHG-KKYLGTIGDQY-T----LTKNTKNPAIIKAD 40
Fusarium 1 ——mm e, AASGLEAAMKAAG-KQYFGTALTVR-N----DQ-GEIDIINNKNE 38
Streptom 34 ——————————= HPARADTATLGELAEAK-GRYFGSATDNP-E----LP-DTQYTQILGSE 75
Cellvibr 229 TITIKSVTITLAQEAYSANVDHLRDLAPSDFPIGVAVSNTDSATYNLLTNSREQAVVKKH 288
Thermoan 343 E-=—==~~ ISNNQITIQNDIPDLYSVFKDYFPIGVAVDPSRL----ND-ADPHAQLTAKH 390
Paenibac 350 i———m——m———— PPGAVQKDIPPLREVYKDDFEIGAAVEPQHL----VG---VHKELLNYH 391
motif 1
Rhodothe 69 FNTITPENVMKWEQIHPEPDRYDFEAADRFVAFGEERDLFIVGHTLVWHNQTPDWVFEDD 128
Gibberel 63 FGQVTPENSMKWDATEPQQGKFNFGGGDQVVNFAAQNGLKVRGHALVWHSQLPQWVHNIK 122

Penicill 41 FGQLTPENSMKWDATEPNRGQFTFSGSDYLVNFAQSNGKLIRGHTLVWHSQLPGWVSSIT 100
Fusarium 39 IGSITPENAMKWEAIQPNRGQFNWGPADQHAAAATSRGYELRCHTLVWHSQLPSWVANGN 98
Streptom 76 FSQITVGNTMRWQYTEPSRGRFDYTAAEEIVDLAESNGQSVRGHTLVWHNQLPSWVDDVP 135
Cellvibr 289 FNHLTAGNIMRMSYMQPTEGNFNFTNADAFVDWATENNMTVHGHALVWHSDYQVPNFMKN 348
Thermoan 391 FNMLVAENAMKPESLQPTEGNFTFDNADKIVDYATAHNMKMRGHTLLWHNQVPDWEFQDP 450
Paenibac 392 YNSIVAENVMKPESISPREGEYHWTNADQIANFARENNMNLRFHTLLWHQQGAEWMLKDD 451

motif 2
Rhodothe 129 RGEP—-—---- LTREALLERMRDHIQTVVGRYRGR-———-— VDGWD! LNEDG--TLRP 175
Gibberel 123 D-—===————= KTQMKNATENHIKNVAGHFKGK-———-- VYAWDVLNE[IFDWDG--SLRK 164
Penicill 101 D--————=——- KNTLISVLKNHITTVMTRYKGK-———--— IYAWDVLNEIFNEDG--SLRN 142
Fusarium 99 Wee======= NNQTLQAVMRDHINAVMGRYRGK-————-— CTHWD LNEDG--TYRD 141
Streptom 136 ——————————- AGELLGVMRDHITHEVDHFKGR----—— LIHWD FEEDG--SRRQ 176
Cellvibr 349 WAG------- SAEDFLAALDTHITTIVDHYEAK----GNLVSWD IDDNSPANFRT 397
Thermoan 451 SDPS---KSASRDLLLQRLKTHITTVLDHFKTKYGSQNPIIGWD LDDNG--NLRN 505
Paenibac 452 QGNYLEPTPENKALVLQRLETYLREVVGRYKDV-——-—- ARDWD IDESRPDGMRD 505

\proton donor
motif 3
Rhodothe 176 ——TRWLEIIG--EDYLAHAFRFAHE-ADPQAELYYNDYSLTNPAK---REGAVRLVQGLL 227
Gibberel 165 -DSPFTQVLG--EEFVGIAFRAARA-ADPNAKLYINDYSIDDPNAAKLKAGMVAHVKKWV 220
Penicill 143 —--SVFYNVIG--EDYVRIAFETARS-VDPNAKLYINDYNLDSAGYSK-VNGMVSHVKKWL 196
Fusarium 142 --SVFLRVIG--EAYIPIAFRMALA-ADPTTKLYYNDYNLEYGNAKT--EGAKRIARLVK 194
Streptom 177 --SVFQQKIG--DSYIAEAFKAARA-ADPDVKLYYNDENIEGIGPKS--DAVYEMVKSFK 229
Cellvibr 398 TDSAFYVKSGNSSVYIERAFQTARA—ADPAVILYYND'NIEQNNAKT——TKMVDMVKDFQ 454
Thermoan 506 —--SKWLQIIG--PDYIEKAFEYAHE-ADPSMKLFINDYNIENNGVKT--QAMYDLVKKLK 558
Paenibac 506 —--SYWYRLTG--LDYIRTAFRVTREVAGPDAKLYINDYGTHDPKK---RDYLFDLVTRLR 558

motif 4 Glycosyl_HygrolgFlo

Rhodothe 228 DAGVPVTGIGMQGHYALTY-—-—————-— PTLEELETSITTFAGLGV-DVMITELDVAVLPR 278
Gibberel 221 SQGIPIDGIGSQTHLDPGAANG-————————-— VQAALQQMASTGVKEVAITELDIRSA-- 268
Penicill 197 AAGIPIDGIGSQTHLGAGAGSA-—=——==—=—= VAGALNALASAGTKEIAITELDIAGA-- 244
Fusarium 195 SYGLRIDGIGLQAHMTSESTPTONTPTPSRAKLASVLQGLADLGV-DVAYTELDIRMNTP 253
Streptom 230 AQGIPIDGVGMQAHLIAGQVPA-———————— SLQENIRRFADLGV-DVALTELDIEMTLP 279
Cellvibr 455 ARSIPIDGVGFQMHVCMNY-——————— PSTIANISAAMKKVVDLGL-LVKITELDVAVNQP 505
Thermoan 559 SEGVPIDGIGMQMHININSN-—-——-=———— IDNIKASTIEKLASLGV-EIQVTELDMNMNGN 608
Paenibac 559 DEGVPIDGVGHQTHINLTA--—-—-———-— PSVQQIAELIRKFGEAGF-DNQITELDVSVYTN 609

\nucleophile
Rhodothe 279 PSEYWGADVSRREELRAELDPYREAFPDSMQQALADRYAGFFEVFLRQQ--————-———— E 328
Gibberel 269 memmmm e e s s e s e e s s s e e e PAADYATVTKACLNV-—————————— P 284
Penicill 245 ———————mmmmmmm s mm e e e e SSTDYVNVVNACLNQ-——————————, A 260
Fusarium 254 ATQ-———————————————————————— QOKLQTNADAYARIVGSCMDV-—————————— K 277
Streptom 280 303
Cellvibr 506 544
Thermoan 609 633
Paenibac 610 651
Rhodothe 329 379
Gibberel 285 KCVGITVWGVSDKDSWRKE-—————————— KDSLLENAQYQAKPAYTAVVNALR-————— 327
Penicill 261 KCVGITVWGVADPDSWRSS——————————— SSPLLFDGNYNPKAAYNATANAL-——=—-——— 302
Fusarium 278 RCVGITVWGISDKYSWVPGTF--——---— PGEGSALLWNDNFQKKPSYTSTLNTINRR---- 327
Streptom 304 RCVGITVWDYTDKYSWVPSVF-————-— PGQGAALPWDEDFAKKPAYHATAAALNGGSPAP 357
Cellvibr 545 QRGGISVWGTTDANTWLDGLYREQFEDEKISWPLLEDNNYNDKPALRGFADALIGTQCTN 604
Thermoan 634 YITAVVFWGVSDDVTWLSK-——————==—— PNAPLLFDSKLQAKPAFWAVVDPSKAIPDIQ 683

Paenibac 652 WISNVTFWGIADDHTWLHDRPKG---TGRQDAPFPFDKQYQAKPAYWGMVDPSKLTIMRK 708
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Fig. 3. Multiple sequence alignment of XynRA1 with
GH10 xylanases from various sources. Abbreviation:
Rhodothe: Rhodothermaceae bacterium RA XynRA1l
(this study), Gibberel: Gibberella zeae (Uniprot ID:
11S3T9), Penicill: Penicillium simplicissimum (P56588,
PDB ID: 1B30, 1B31, 1B3V, 1B3W, 1B3X, 1B3Y,
1B3Z, and 1BG4), Fusarium: Fusarium oxysporum f.
sp. lycopersici (B3A0S5, 3U7B), Streptom:
Streptomyces sp. (B4XVN1, 3WUB, 3WUE, 3WUF, and
3WUG), Cellvibr: Cellvibrio japonicus (Q59675,
1GNY, 1US2, and 1US3), Thermoan:
Thermoanaerobacterium saccharolyticum (P36917),
and Paenibac: Paenibacillus sp. DG-22
(AOAO75EEX4). The catalytic residues of XynRA1l
were predicted as E165 and E270 (as shown in the
box). The underlined sequences are the location of
the motifs for XynRA1. Amino acids shown in blue
(subsite —3), green (subsite —2), yellow (subsite
—1), red (subsite +1), and orange (subsite +2)
background are the locations of subsites as shown in
the GH10 xylanase structures of Streptomyces sp. and
Cellvibrio japonicus. The amino acid residues of these
subsites were also conserved in the sequence of
XynRA1, suggesting that XynRA1 may harbor the
same subsites for substrate binding.
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Fig. 4. Phylogenetic analysis of XynRAl

with other biochemically characterized

GH10 xylanases. The maximum-parsimony

(MP) tree was constructed using MEGA X

program. The tree constructed was under-

gone verification with the bootstrap test

(1000 replicates) and the value shown be-

side the branches of the tree indicates the

percentage of replicate from the test. The

tree (left) was correlated with three enzyme

properties (right) — protein size, optimum

temperature, and optimum pH. The color

changes are from Green - Yellow - Red,

indicating the values increment of each

factor. The red box represented the

grouping of XynRA1 with other closer GH10
xylanases. XynRA1 clustered with GH10

xylanases of similar size (40-44 kDa), and it

has the highest optimum temperature and

pH among them.

Protein Size Temperature pH
(kDa) ()
PYP23927 Gemmatimonadetes bacterium 40.1
” PWU05698 Verrucomicrobia bacterium 42.7
OGU48635 Ignavibacteria bacterium 43.6
1% PWT96135 Blastocatellia bacterium 42.1
_E PYS57524 Acidobacteria bacterium 41.8
3 CDM65132 Pyrinomonas methylaliphatogenes 46.8
ABJ83670 Solibacter usitatus 40.9
_uE AFN75725 Melioribacter roseus 43.3
HBX66435 Balneolaceae bacterium 40.3
34 SFU90587 Pontibacter akesuensis 44.3
AHM63124 Flammeovirgaceae bacterium 41.7
PSR53944 Adhaeribacter sp. 42.6
OU]J74638 Hymenobacter sp. 42.5
REL38119 Rhodohalobacter sp. 43.7
32 PAP75019 Rubrivirga marina 42.5
This study 43.1 60 8
AAMB39084 Xanthomonas citri 42.2 35 755
ﬂ{“ 4 E BADB80892 uncultured bacterium 43.6 40 6.5
CAAB89207 Prevotella bryantii 42.5 50 6.5
- » CBH32823 Bacteroides xylanisolvens 43.2 B 6
7 AAWS55667 uncultured bacterium 43.4 40 7.8
_I__E AGS42204 uncultured bacterium 43.5 45 6
- AAY98787 Flavobacterium sp. 42.1 30 6.5
9% AAA16427 Penicillium chrysogenum 35 40 6
iE AHF72523 Rhizopus oryzae 8555 40 =3
AAS93681 Penicillium chrysogenum 38.2 25 55
= 9% — AAF71268 Tularomyces purpureogenus 35.4 60 7
AAV65488 Penicillium canescens 35.1 55 55
BAO02699 Aspergillus niger 34.2 55 515
BAG12101 Penicillium citrinum 353 50 6
BAA75475 Aspergillus oryzae 35.4 60 5
BAE65852 Aspergillus oryzae 33.7, 60 5
AAY86996 Aspergillus terreus 35.4 60 5
BAB69073 Aspergillus oryzae 34.7 58 5
BAE56751 Aspergillus oryzae B785 58 5
AAMO95237 Magnaporthe grisea 40.9 6
AGG68961 Humicola insolens 42.4 7S 6.5
AAG44993 Phanerochaete chrysosporium 43.6 70 4.5
ABZ88799 Phanerochaete chrysosporium 42.6 70 4.5
AFR33046 Gloeophyllum trabeum 37.9 50 3.4
AFR33047 Gloeophyllum trabeum 41.8 70 4.5
BANB82655 Talaromyces cellulolyticus 43.4 s 5
CAG25554 Talaromyces funiculosus 43.2 80 4
ABX71815 Streptomyces sp. 49.9 60 6.5
AHA59264 Volvariella volvacea 39 60 7
AGG68960 Humicola insolens 40.4 7 6.5
BAE71410 Aureobasidium melanogenum 8559 70 6
AGG68962 Humicola insolens 42.2 7= 6.5
ABR14270 Streptomyces fradiae 51.2 60 7.8
AIT37787 Streptomyces mexicanus 46.8 65 5.5
— ABX88978 Cellulosimicrobium sp. 42.9 60 6
19 L— CAB02654 Thermobifida alba 52l 80 6.5
83 ABZ80916 Paenibacillus curdlanolyticus 138.3 60 7
L|_£ CAI179477 Pacnibacillus sp. 158.1 a5 6.5
76 | BAB20931 Clostridium josui 19557 45 8.5
_E BAA82143 Clostridium stercorarium 115.3 85 5
7 100 CAD48314 Clostridium stercorarium 19557 65 6.5
AFK83737 uncultured bacterium 5315 48 6.5
% AAA90913 Thermotoga sp. 40.5 85 6.3
AAD35164 Thermotoga maritima 40.7 90
= 84 ABQ46873 Thermotoga petrophila 40.8 90 6.5
_E AAA96979 Dictyoglomus thermophilum 41.5 85 6.5
o AAL06078 uncultured bacterium 42.2 100} 6
- AAA21812 Thermoanaerobacterium saccharolyticum 136.4 70 55
. AFK86466 Thermoanaerobacterium saccharolyticum 157.6 75 6.5
o AKP07634 Thermoanaerobacterium aotearoense 157.6 80 6.5
2 CAAO07173 Paenibacillus barcinonensis 120.6 45 5
BAB40957 Acidobacterium capsulatum 44.1 65 5
& CAA90745 Cellulomonas fimi 125.4] 60
0 7 AAG36765 Fibrobacter succinogenes 66.7 40 6.5
38 AAM39089 Xanthomonas citri 36.8 35 75
ALO19936 Massilia sp. 42.6 45 55
10 6 AAK?73562 Hordeum vulgare 61.4 6
AHH02587 Bacillus sp. 48.2 62.5 6.5
* AAP31839 Ampullaria crossean 63 45 6
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Fig. 5. SDS-PAGE and zymogram of purified XynRAl. Lane M: Molecular
weight standard; lane 1: crude lysate; lane 2: flowthrough from purification
step; lane 3: recombinant XynRA1; lane Z: Zymography analysis of XynRAl
with substrate beechwood xylan. The molecular weight of the purified XynRA1
is approximately 49 kDa.

GWB2_36_8 (60.9%), Pyrinomonas methylaliphatogenes (60.9%), and
Blastocatellia (59.8%). The function and biochemical characterization of
the proteins as mentioned above are yet to be determined as these genes
were putatively annotated from the several whole-genome sequencing
projects. In comparison to characterized xylanases from Flavobacterium
sp. MSY2, Xanthomonas citri 306, and Bacteroides xylanisolvens XB1A,
these enzymes shared an average sequence similarity of 47.0% to
XynRA1 [15-17]. Moreover, another GH10 xylanase (namely Xyn10J),
which was cloned from a compost metagenomic library, had also been
characterized, and this Xyn10J shared sequence similarity of 46.1% to
XynRA1 [18].

Based on the InterProScan analysis, the XynRA1 consists of a GH10
family domain and a signal peptide sequence (amino acid position
1-23) at the N-terminal (Fig. 1). The transmembrane region was absent
as predicted using TMHMM Server v. 2.0. Collectively, wild type Rho-
dothermaceae bacterium RA expresses XynRA1 as an extracellular en-
zyme. Fig. 1 illustrates the domain architecture of XynRAl and other
selected GH10 xylanases. Some xylanases exhibited a relatively shorter
length of protein sequence and contained only a single domain, which
was the catalytic domain. Examples of these xylanases included those
initially produced by Bacillus sp. SN5, Caldicellulosiruptor bescii, and
Penicillium simplicissimum, and were expressed intracellularly in the
wild type organism [19-21]. XynRA1 and other xylanases such as the
one secreted by Acidothermus cellulolyticus also exhibited a single cata-
lytic domain but was expressed extracellularly due to the presence of a
signal peptide [22]. Certain xylanases grouped in GH10 superfamily
contain more complex domains arrangement; these include proteins
found initially in Arthrobacter sp. GN16, Melioribacter roseus, Paeniba-
cillus sp. DG-22, and others [23-25]. To the best of the researchers’
knowledge, a xylanase from Thermoanaerobacterium saccharolyticum
NTOU1 had the most complicated domain setup (Fig. 1). Other in-
formation about GH10 multidomain xylanase can be found elsewhere
[26-30]. For other GH families such as the GH13 (a-amylase) is further
subdivided into subfamilies due to vast diversity [31]. To date, GH10
remains as a single division although xylanases are very diverse in se-
quence as well as domains arrangement (Fig. 1). The subfamily classi-
fication for GH10 is needed for increasing the resolution of protein
diversity.

Fig. 2 is a Weblogo representation of currently known motif using
228 GH10 xylanases sequences. Motifs 1-4 are recognition fingerprints
for GH10 family. An active site motif, namely Glycosyl Hydrol F10 was
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present in the XynRA1 as well. As reported in PROSITE, the pattern of
this active site motif is [GTA]-{QNAG}-{GSV}-[LIVN]-x-[IVMF]-[ST]-
E— [LIY]-[DN]-[LIVMF]. It is a stretch of peptides formed by 11 amino
acids. Fig. 3 shows the multiple sequence alignment of XynRA1 with
another six GH10 xylanases. Information like motifs, active sites, and
subsites are presented in the same figure. Based on the alignment, the
active site of XynRA1 was predicted as E165 (proton donor) and E270
(nucleophile). Subsites of GH10 xylanases had been summarized re-
cently based on 19 GH10 xylanases with the crystal structures, and it
was reported that these enzymes could have up to 6 subsites (subsite
—3 to +3) with 17 amino acid residues interacting with the substrate
[32]. Please refer to Supplementary Table 1 for the locations of the
predicted subsites for XynRAL.

The relationship between GH10 xylanases and XynRAl was ana-
lyzed by a maximum-parsimony tree (Fig. 4). Only biochemically
characterized enzymes were included in the tree unless specified.
XynRA1 falls into a cluster with xylanases from mostly mesophilic
bacteria such as Rubrivirga marina, Solibacter usitatus, and Flavo-
bacterium sp. MSY2. Within this cluster, only xylanases from Ignavi-
bacteria bacterium GWC2_36_12, Melioribacter roseus, and Rho-
dothermaceae bacterium RA (XynRA1) are thermophilic origins. All the
members in this big cluster have a similar protein size, which is be-
tween 40 and 44 kDa. Moreover, XynRA1l has the highest optimum
temperature and pH among the members in the cluster based on the
existing biochemical data.

3.2. Characterization of purified XynRA1

Fig. 5 illustrates both the results from SDS-PAGE and zymography.
The recombinant XynRA1l has an apparent molecular weight of ap-
proximately 49 kDa, which corresponded with the calculated protein
size of 46.7 kDa. The theoretical pI value of the enzyme is 4.64. Table 1
summarizes the characteristic of XynRA1 and the comparison to other
commonly known xylanases. XynRA1 is relatively small in size in
comparing to many xylanases. The smallest GH10 xylanase recorded to
date is from P. simplicissium, which is around 32.6 kDa [21]. For larger
xylanases, the size increment is due to the presence of multidomains as
described in the earlier section.

As shown in Fig. 6a, recombinant XynRA1 had an optimum tem-
perature of 60 °C, and it can retain more than 60% of its maximal ac-
tivity at a temperature ranging from 50 °C to 70 °C. As compared with
other xylanases (Table 1), this characteristic is similar to GH10 xyla-
nases initially identified in Streptomyces coelicolor A3(2), Microbacterium
trichothercenolyticum HY-17, as well as a xylanase cloned from the en-
vironmental DNA of a paper mill [30,33,34]. These enzymes achieved
optimal activity at around 60 °C as well.

Moreover, the enzyme showed an absolute peak at pH 8, and it can
maintain more than 50% of its maximal activity at a pH range from 6.5
to 9.5 as shown in Fig. 6b. When the pH exceeded the range, the activity
of the enzyme dropped significantly, achieving less than 10% of its
maximum value. Most of the GH10 xylanases found recently were
working in acidic or neutral condition (Table 1); there were very few of
the candidates that functioned in alkaline condition, except the xyla-
nase from Microcella alkaliphile [35] that had the optimum of pH 8, M.
trichothercenolyticum HY-17 (pH 9) [34], Geobacillus sp. WBI (pH 6-9)
[36], and Paenibacillus sp. strain E18 (pH 7.5-9) [37].

Fig. 6c¢ illustrates the salt tolerance ability of XynRA1l. Although
XynRA1 originates from a halo-thermophile, this protein does not in-
herit the ability to withstand high NaCl concentration. XynRA1 activity
dropped half when the NaCl concentration increased to 0.6 M (salinity
of seawater is ~0.6 M). At NaCl concentration higher than 0.6 M, its
activity gradually decreased. As described by DasSarma and DasSarma
[38], the factors that allow the protein to function at high salinity in-
clude the solvation ability of the enzyme, the increment in ion-pair
networks, reduction of hydrophobic surface patches, and an unusually
high number of ordered side chains in the protein. Examples of bacteria
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Table 1
Properties of GH10 xylanases from various microorganisms.
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Origin Source MW (kDa) Opt. temp. Opt. pH Thermostability K (mg/mL)®  Vipay (umol/min/mg)°® Ref
°C
Rhodothermaceae bacterium RA bacteria 43.1 60 8 t12at60°C=1h 1.36 1214 this study
Acidothermus cellulolyticus 11B bacteria 47.0 90 6 t12at 90°C=1h 0.53 350 [22]
30 min
Acremonium cellulolyticus fungus  51.0 70.5 5 ND ND ND [43]
Arthrobacter sp. GN16 bacteria 131.5 45 5.5 t12at 50 °C = 2 min 2.6 65.4 [23]
Aspergillus nidulans fungus 60 7.5 t12at 50°C = 49h 1.66 193.3 pmol/min/mL [41]
t12at 60 °C = 20 min
Bacillus sp. SN5 bacteria 45.0 40 7 t12at 40 °C = 30 min 0.6 114 [19]
Caldicellulosiruptor bescii bacteria 40.2 70 7.2 t12at 60°C =7h 1.90 ND [20]
42 min
Compost metagenome (Xyn10J) 40.0 40 7 t12at 50 °C = 30 min ND ND [18]
Fusarium commune (XYL10A) fungus  35.7 50 6 ND ND ND [44]
Fusarium commune (XYL10B) fungus  39.3 50 6 ND ND ND [44]
Genomic DNA from alkaline wastewater sludge of a 158.2 60 7 ND 1.01 73.53 [30]
paper mill
Geobacillus sp. WBI bacteria 47.0 70 6-9 ND 0.9 0.8 [36]
Glaciecolar mesophila KMM 241 bacteria 47.5 30 7 ti12at 30°C = 25min 1.22 98.31 [40]
Massilia sp. RBM26 bacteria 45.0 45 5.5 t12at 55°C = 7 min 9.49 65.79 [45]
Melioribacter roseus (Xyl2091) bacteria 86.0 65 6.5 t12at 60°C = 2h 3 130.2 [24]
50 min
Melioribacter roseus (Xyl2495) bacteria 42.0 40 6.5 t;2at 70°C=1h 1.05 3230.8 [24]
Metagenomic fosmid library of Hu sheep rumen bacteria 71.3 50 6 t12at 50 °C = 9 min 4.39 3.2 [46]
contents
Microbacterium trichothercenolyticum HY-17 bacteria 41.6 60 9 t12at 55°C = 12min ND ND [34]
Microcella alkaliphile bacteria 150.0 65 8 t12at 50°C = 48 h ND ND [35]
Paenibacillus curdlanolyticus bacteria 45.0 35 7.5 ND 2 3.7 [47]
Paenibacillus sp. DG-22 bacteria 159.5 65 6.5 ND 3.49 201.34 [25]
Paenibacillus sp. HPL-001 bacteria 38.1 50 5.5 ND 5.35 199.17 [48]
Paenibacillus sp. strain E18 bacteria 37.8 50 7.5-9 ND 0.51 357.93 umol/min/mL  [37]
Penicillium canescens fungus  36.0 70 6 t12at 70°C=7h 0.52 75 [49]
Penicillium funiculosum fungus  41.0 70 5 ND 3.7 ND [50]
Phialophora sp. G5 fungus  40.0 70 4 t12at 80 °C = 4min 2.1 448.4 [51]
Phytophthora parasitica (PPXYN1) fungus  65.5 40 6 t;2at 100°C=90min  ND ND [52]
Phytophthora parasitica (PPXYN2) fungus  103.5 50 5 t1/2at 100 °C = 5min ND ND [52]
Phytophthora parasitica (PPXYN4) fungus  64.3 30 6 t12at 100°C < 5min ND ND [52]
Remersonia thermophila fungus  42.0 65 6 t12at 50 °C = 35min 2.477 5.787 pmol/min/mL [53]
Saccharopolyspora pathumthaniensis S582 bacteria 36.0 70 6.5 t12at 60°C = 3h 3.92 256 [42]
t12at 70°C = 2h
Streptomyces coelicolor A3(2) bacteria 47.0 60 6 t12at 60 °C = 25 min 0.24 6.86 [33]
Thermoanaerobacterium saccharolyticum NTOU1 bacteria 154.0 70-73 5-7 ND ND ND [39]
Thermotoga thermarum bacteria 40.0 80 6 t12at 80 °C = 45 min 1.8 769 [54]
Thielavia terrestris Co3Bag1 fungus  82.0 85 5.5 t12at 65°C = 23.1 days 0.41 21.52 [55]

*ND = Not Determined.

that produce high NaCl tolerance GH10 xylanases are T. saccharolyticum
NTOUL1, Bacillus sp. SN5, and Glaciecolar mesophila KMM 241, with the
highest tolerance of 1.0M, 1.3M, and 2.1 M NaCl, respectively
[19,39,40]. Their activities remained 100% at the stated concentration,
and salt-activation occur at the NaCl concentration ranging from 0 to
0.5M.

Fig. 6d displays the thermostability examination of XynRA1l. Based
on the results, the half-life of the recombinant XynRA1 enzyme was 1 h
at 60 °C. When the pre-incubation was carried out at 50 °C, the enzyme
retained 80% of its maximal activity for 5 h. The protein was unstable at
70 °C (Fig. 6d). Examples of GH10 xylanases that remain stable at 60 °C
are those from Aspergillus nidulans, C. bescii, M. roseus, Sacchar-
opolyspora pathumthaniensis S582, and S. coelicolor A3(2), with a half-
life ranging from 20 min to 7.7 h [20,24,33,41,42].

Fig. 6e illustrates the Michaelis-Menten plot of XynRA1 where the
reaction was carried out at its optimal temperature and pH with sub-
strate beechwood xylan. The K, Vo, and ke, values of XynRA1 were
determined to be 1.36 * 0.08 mg/mL, 1214 = 26.01 U/mg, and
33.72 * 0.72 s, respectively. Table 1 summarizes the comparison of
XynRA1 characteristics with other GH10 xylanases.

Table 2 shows the effects of metal ions and chemical reagents on
XynRA1 activity. Overall, none of these supplemented compounds had
positive effects on XynRA1. The relative activity of XynRA1 was 85%

when 5mM Na* was supplemented in the reaction tube. Similarly, the
addition of other metal ions and chemical reagents significantly ob-
structed the XynRA1 enzyme activity, in particular, Fe**, Co**, Zn*,
Cu®*, and SDS. The inhibition effects of metal ions like Mn**, Ag®*,
Fe?*, Cu?*, Hg?", Co®*, and Pb2" on other xylanases have long been
reported [56]. However, very few of the xylanase candidates behaved
like XynRA1l, which exhibited extreme sensitivity against multiple
metal ions. An example of xylanase that acts like XynRA1 is Xyn10G5
from Phialophora sp. G5 [51]. The author reported that the addition of
Ag* and Hg*>* completely inhibited Xyn10G5, and slightly inhibited by
other metal ions like Na*, K*, Li*, Ca®*, Mg®*, and Mn?* [51]. Xy-
lanase from Bacillus sp. KT12 was also strongly inhibited by many types
of metal ions, including Ca®*, Mn?*, Ba®*, Co®*, Mg?*, Zn?*, Cu®*,
and Fe?* [57].

Theoretically, the following reasons attributed to protein inhibi-
tions. a) Heavy metals, for example, Group IIb metals exhibit high af-
finity towards reactive groups like SH, CONH,, NH,, COOH, and PO,
[58]. b) Heavy metals bound to the specific pocket may oxidize indole
rings of tryptophan hence alter the biochemical function of the enzyme
[59]. ¢) Alternatively, metal ions catalyse the cysteine thiol group au-
tooxidation, which leads to the formation of intra- and intermolecular
disulphide bonds or the formation of sulfenic acid [60]. Other than that,
bivalent cations like Ca®>* and Mg?" are activators for some of the
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Fig. 6. Enzymatic characterization of XynRA1. (a) Effect of temperature on enzyme. (b) Effect of pH on the activity of XynRA1. (c) Effect of NaCl to XynRA1 activity.
(d) Thermostability of XynRAL1. (e) Nonlinear Michaelis-Menten plot of XynRA1 reacted against beechwood xylan. XynRA1 achieved optimal activity at 60 °C and pH
8. XynRA1 is NaCl intolerant. The half-life of XynRA1 was 1h at 60 °C. The kinetic parameters (K, Vmax, and kc,) of XynRAl were 1.36 = 0.08 mg/mL,

1214 + 26.01 U/mg, and 33.72 + 0.72 5™, respectively.

Table 2
Effects of metal ions and chemical reagents to the activity of XynRA1.

Metal ions/Chemical reagents Concentration Relative activity (%)
Reference 0mM 100.00 = 0.0
Calcium Chloride 5mM 47.42 * 0.62
Sodium Chloride 5mM 85.16 = 0.79
Potassium Chloride 5mM 32.22 = 0.59
Magnesium Chloride 5mM 45.47 * 2.54
Iron (III) Chloride 5mM 1.83 = 1.19
Nickel (II) Chloride 5mM 11.57 + 0.93
Cobalt (II) Chloride 5mM 3.27 = 1.42
Ammonium Chloride 5mM 56.83 = 1.95
Zinc Sulfate 5mM 0.00 = 0.28
Manganese Sulfate 5mM 14.48 = 6.53
Copper (II) Sulfate 5mM 0.00 = 0.51
Rubidium Chloride 5mM 58.33 + 5.59
Strondium Chloride 5mM 31.14 = 2.21
Barium Chloride 5mM 34.02 = 0.82
Urea S5mM 75.59 * 5.65
SDS 5mM 5.23 + 7.78
EDTA 5mM 15.69 = 1.41
Tween-20 5% 63.73 + 5.81
Tween-40 5% 50.83 = 8.21
Tween-60 5% 63.22 + 9.31
Tween-80 5% 60.13 = 4.77
Triton X-100 5% 64.70 = 4.12
DMSO 5% 77.87 * 3.61

GH10 xylanases because these cations stabilize the enzyme-substrate
complex [4,61,62]. However, in this study, XynRA1l was moderately
inhibited by calcium chloride and magnesium chloride (Table 2). In a
separate report by Hwang et al. [48], the GH10 xylanase from Paeni-
bacillus sp. HPL-001 was also inhibited strongly by calcium chloride and
magnesium chloride. The authors suspected that the inhibition was due
to the presence of a metal binding site adjacent to the xylanase catalytic
region that caused a protein conformational change [48].

HPLC analysis (Table 3 and Fig. 7a) elucidated that XynRA1l can
hydrolyze beechwood xylan, oat spelt xylan, Palmaria palmata xylan,
xylotriose, xylotetraose, xylopentaose, and xylohexaose. XynRA1 has a

Table 3
Hydrolysis of various substrates by purified XynRAL.

Substrates Substrate depletion (%)
Beechwood xylan 61.05 = 0.45
Oatspelt xylan 59.65 + 1.38
Palmaria palmata xylan 96.57 + 1.10
Xylobiose 6.22 = 1.72
Xylotriose 100 = 0.02
Xylotetraose 97.59 = 0.08
Xylopentaose 98.46 + 0.64
Xylohexaose 96.27 = 0.59
Note.

The concentration of all the substrates used in the assay was 10 mg/mL.

Substrate depletion (%) — Initial amount of .substratd — final amount of substrau'x 100%
Initial amount of substrate

Data presented are the means value of three independent experiments.

very low efficiency towards xylobiose and cannot hydrolyze other
substrates like Avicel, carboxymethyl cellulose (CMC), sigmacell cel-
lulose, alpha-cellulose, pullulan, starch, chitin, cellooligosaccharides
(cellobiose — celloheptaose), beta-gentibiose, lactose, maltose, salicin,
and sucrose (data not shown). Fig. 7b illustrates the product profile of
enzyme reaction against beechwood xylan at different incubation per-
iods. In the first 15 min reaction, the predominantly formed products
were xylobiose and xylotriose. The peak corresponding to xylose was
negligible at the early stage. After an hour, the decreasing of xylotriose
coincided with the increasing amount of xylobiose. After 5h of reac-
tion, the initially observed peak corresponding to xylotriose was non-
extant, and this suggests that XynRA1 can saccharify xylotriose. In a
prolonged reaction, an insignificant amount of xylose was observed.
Collectively, the hydrolysis pattern of XynRA1 is illustrated in Fig. 7c,
where the substrate preferable for XynRA1 is: xylooligosaccharides (DP
3-6) > Palmaria palmata xylan > beechwood xylan > oat spelt
xylan > xylobiose. The hydrolysis pattern of XynRA1 is similar to
other reported xylanases such as Paenibacillus sp. DG-22 and C. bescii
[20,25], where the enzymes were active against xylooligosaccharides
with at least three xylose chain (i.e xylotriose), and the reaction gen-
erated xylobiose predominantly.
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Fig. 7. HPLC analysis of the reaction products of XynRA1l. (a) Enzymatic products of XynRA1 on various substrates after 24 h reaction. (b) Enzymatic products of
XynRA1 on beechwood xylan after 15min, 1h, 5h, and 24 h reactions. (c) The predicted hydrolytic ability of XynRA1 towards different substrates. X1-X6 (xylo-
se—xylohexaose) represents the product peaks that were analyzed by the HPLC. The retention time for each of these product peaks was found to be 66 min, 56 min,
49 min, 43.5 min, 39 min, and 35.5 min, respectively. According to the analysis, the substrate preferable for XynRA1 is: xylooligosaccharides (DP 3-6) > Palmaria

palmata xylan > beechwood xylan > oat spelt xylan > xylobiose.

An alkali and thermostable cellulase-free xylanase is useful to the
paper and pulp industry, in particular for the biobleaching process that
is carried out in alkali and high-temperature condition [63]. Besides,
the enzyme might be helpful in alkali pretreatment of biomass for
biofuel production.

4. Conclusion

In conclusion, the xynRA1 gene from Rhodothermaceae bacterium
RA was successfully cloned and expressed in E. coli. The recombinant
protein was active in alkaline condition, remained stable at 50 °C up to
5h and 60°C for 1h, sensitive to metal ions and NaCl, and yielded
xylobiose as its main product. Based on the sequence analysis, XynRA1
represents xylanase that belongs to GH10. XynRA1 might be the right
candidate for biobleaching process in the paper and pulp industry.
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